Purpose: A drawback of time-resolved 3-dimensional phase contrast magnetic resonance (4D Flow MR) imaging is its lengthy scan time for clinical application in the brain. We assessed the feasibility for flow measurement and visualization of 4D Flow MR imaging using Cartesian y-z radial sampling and that using k-t sensitivity encoding (k-t SENSE) by comparison with the standard scan using SENSE.
Introduction
Flow measurement gives information about the physiological and pathological aspects of cerebral artery diseases, including aneurysm, arteriovenous malformation (AVM), and stenosis. [1] [2] [3] [4] Phase contrast (PC) magnetic resonance (MR) imaging is a noninvasive technique that measures blood flow and velocity without limited view. Two-dimensional (2D) PC MR imaging has been used to measure blood flow volume (BFV) in the cerebral arteries in a short time, 5 but it covers only selected imaging planes discontinuously, cannot give comprehensive information about blood flow, and requires care in setting the imaging plane perpendicular to the selected arteries.
Time-resolved 3-dimensional PC MR (4D Flow MR) imaging is a valuable tool for comprehensively visualizing blood flow patterns associated with cere-brovascular diseases 6, 7 and has been used to obtain good visualization of the feeder and drainer of AVM and to analyze wall share stress in cerebral aneurysm. [8] [9] [10] However, its long scan time (e.g., 40 min) precludes the easy use of this imaging of the whole brain or with thin slice thickness for analysis of cerebral aneurysm in patients with headache, dizziness, or lower general health status. Parallel imaging techniques, such as sensitivity encoding (SENSE) and generalized autocalibrating partially parallel acquisition (GRAPPA), are used in 2D PC MR imaging and 4D Flow MR imaging to reduce scan time while maintaining accurate flow velocity and good image quality. 11, 12 Nonetheless, whole-brain 4D Flow MR imaging with SENSE still requires about 20 min. The parallel imaging technique with a higher reduction factor may lead to increased image noise or wrap-around artifact. Other acceleration techniques, such as Cartesian y-z radial sampling and k-t SENSE, have been combined with 4D Flow MR imaging or cardiovascular applications. 13, 14 For acceleration, Cartesian y-z radial sampling employs k-space correlation, and k-t SENSE uses k-space and time correlation. [13] [14] [15] To our knowledge, only a few reports validate the use of these acceleration techniques in 4D Flow MR imaging of the brain. 12, 16 In this study in healthy volunteers, we applied an acceleration technique, y-z radial sampling or k-t SENSE, to 4D Flow MR imaging of the brain and assessed the technical feasibility of each type of accelerated 4D Flow MR imaging compared to standard 4D flow MR imaging using SENSE for measuring peak systolic velocity (PSV), BFV, and image quality of pathlines.
Materials and Methods

Volunteers
This study followed our institutional guideline, and each participant provided informed consent. We enrolled 16 healthy volunteers (12 men, 4 women; mean age 33.3 years, range 26 to 56 years) with no history of neurological disease.
MR imaging
All MR imaging studies were performed using a 3.0-tesla scanner (Achieva NovaDual 3.0T, Philips Healthcare, Best, The Netherlands) with 8-element phased-array head coil for signal reception and vector electrocardiogram for cardiac gating. All volunteers underwent 3 types of 4D Flow MR imaging. First, all 16 underwent 4D Flow MR imaging combined with SENSE as the standard scan. Eight then underwent 4D Flow MR imaging using Cartesian y-z radial sampling followed by that using k-t SENSE, and the other eight underwent 4D Flow MR imaging using k-t SENSE followed by that using Cartesian y-z radial sampling. Table 1 shows the imaging parameters of the 3 sequences. Voxel size, number of phases, and velocity encoding were identical in the 3 sequences.
Postprocessing and 4D Flow visualization
We transferred the DICOM data acquired with 4D Flow MR imaging to our personal computer (Intel Pentium Xenon 2.6 GHz, 8 GB RAM, Microsoft Windows 7 64 bit) offline. Data included magnitude data and velocity data in the x, y, and z directions. We analyzed all data using GTFlow software (version 1.6.4, GyroTools, Zurich, Switzerland) installed on the computer. A semiautomatic filter was applied to mask static tissues, including the brain parenchyma and skull. We used the software for manual phase unwrapping and measuring PSV and BFV. We generated hypothetical particles moving along the vessels and pathlines referring to trajectories that individual particles follow.
17-19
Measurement of PSV and BFV A radiologist with 7 years' experience in diagnostic radiology measured PSV and BFV in the 9 intracranial arteries in all volunteers-in the bilateral internal carotid (ICA), anterior cerebral (ACA), middle cerebral (MCA), and posterior cerebral (PCA) arteries and the basilar artery (BA). PSV represents the highest blood velocity at the center of the vessel at systolic phase. The oblique imaging slice perpendicular to each targeted vessel near the Willis circle was reconstructed. A region of interest (ROI) was drawn for each artery on the vascular image with reference to the ROI in the magnitude and phase images. Use of the "iso-contour mode" installed in the GTFlow software permitted detection of the isocontour edge of the vessel wall. The ROI could be expanded manually from the center of vessels to their edge while this "iso-contour mode" checked the vascular signals and allowed drawing of the contour immediately before inclusion of nonvascular signals. The size and position of the ROI were kept the same among the images acquired using SENSE, Cartesian y-z radial sampling, and k-t SENSE.
Quantitative pathline analysis
As a measure of the quality of the flow field measurement, we used pathline statistics software (GTFlow) to assess the percentage of particles released in an emitter plane near the Willis circle to reach a target plane 7 mm below the emitter plane. 18, 19 In an ideal depiction of the time-resolved velocity field present in the vascular system, all particles emitted upstream in a nonbranching vessel can be traced to a contour encompassing the vessel lumen at a target downstream position, given that the distance between the emitter and target locations is shorter than the distance the hypothetical particles travel in the vessel per heart beat. The same radiologist performed this quantitative analysis in the bilateral MCA and BA because these arteries were large enough to release a meaningful number of particles and had no large branch arteries between the emitter and target planes ( Fig. 1 ).
Qualitative analysis of Flow visualization
A neuroradiologist with 24 years' experience who was blinded to imaging sequence and quantitative results visually evaluated the pathlines of 4D flow MR imaging using SENSE (i.e., standard scan), Cartesian y-z radial sampling, and k-t SENSE in a random fashion. Four-point Likert scales were used to score branch visualization for each of the 9 arteries (3, excellent visualization; 2, visualization of pathlines in most branch arteries; 1, visualization of pathlines in some branch arteries; and 0, visualization of few branch arteries) and image quality of each of the arteries (3, excellent quality; 2, only a few pathlines left the blood vessels; 1, some pathlines left the blood vessels; and 0, many pathlines left the blood vessels). We considered the quality of pathline images sufficient when the scores for both branch visualization and image quality exceeded two. 
Statistical analysis
To compare findings between the standard scan using SENSE and each of the accelerated scans using Cartesian y-z radial sampling or k-t SENSE, we used paired t test to compare PSV and BFV; Pearson's correlation analysis to identify correlations in the measurement of PSV and BFV; BlandAltman analysis to compare agreements for PSV and BFV; 20 paired t test to compare the percentage of pathlines arriving at the target plane for each of the 3 arteries (i.e., bilateral MCA and BA); and Wilcoxon signed-ranked to compare the differences in branch visualization and image quality for each artery.
All statistical analyses were performed using Statistical Package for the Social Sciences software (SPSS Version 19.0 Chicago, IL, USA). P < 0.05 was considered significant for all analyses.
Results
4D Flow MR imaging examinations were completed in all but one volunteer, who did not undergo the last imaging because of headache and was therefore excluded from further analysis. Thus, we analyzed the 3 types of 4D Flow MR imaging in 15 volunteers. We observed no changes in mean heart rate or apparent head movement of any volunteer during the 3 scans. Cartesian y-z radial sampling and k-t SENSE reduced the scan time of 4D Flow MR imaging by about 50% compared with the standard scan using SENSE. Postprocessing 4D Flow MR imaging analysis required about 50 min for each subject. Tables 2 and 3 summarize PSV and BFV of the 9 arteries in the 15 healthy volunteers. The acceleration scan using y-z radial sampling significantly underestimated PSV and BFV in the bilateral PCA (P < 0.05; Tables 2, 3 ). The acceleration scan using k-t SENSE significantly underestimated PSV in all 9 arteries by 8.4 to 16.5% (11.6 « 3.5%; P < 0.05; Tables 2, 4). Except for the right ACA, the acceleration scan using k-t SENSE underestimated the BFV by 4.3 to 16.9% (9.0 « 5.3%; P < 0.05; Tables 3, 5 ). There were significant correlations between the standard scan and 2 types of acceleration scan for PSV (y-z radial sampling, r = 0.599 to 0.972; k-t SENSE, r = 0.777 to 0.945) and BFV (y-z radial sampling, r = 0.784 to 0.959; k-t SENSE, r = 0.749 to 0.970) in all arteries (Tables 4, 5) . Bland-Altman analysis showed good agreement for PSV and BFV between the standard scan and acceleration scan using y-z radial sampling (Tables 4, 5; Fig. 2 ).
Measurement of PSV and BFV
Quantitative pathline analysis
The percentage of particles reaching the target plane did not differ significantly between the standard and 2 types of acceleration scans ( Table 6 ). The percentages decreased slightly in the BA and right MCA in the scan using y-z radial sampling, but the differences were not significant (P = 0.068 for the BA; P = 0.065 for the right MCA).
Qualitative analysis of flow visualization 4D Flow MR imaging using y-z radial sampling standard versus y-z radial sampling: *P < 0.05, **P < 0.01; standard versus k-t sensitivity encoding (k-t SENSE): # P < 0.05, ## P < 0.01 Lt, left; Rt, right; ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviation; SENSE, sensitivity encoding. SENSE was used in the standard 4D Flow MR imaging. The value of peak systolic velocity is expressed as cm/s. was inferior to the standard scan for branch visualization of pathlines for the BA and for image quality of pathlines for the 3 arteries (BA, left ACA, and right ICA) (P < 0.05; Fig. 3A, B ; Table 7 ). In the 4D Flow MR imaging using y-z radial sampling, some pathlines appeared to leave the blood vessels (Fig. 3B) . By contrast, there were no significant differences between the standard scan and the scan using k-t SENSE in branch visualization and image quality of pathlines (Figs. 3A, C; Table 7 ). 4D Flow MR imaging using y-z radial sampling provided pathline images of sufficient quality (i.e., score > 2 for both branch visualization and image quality of the pathline) in only 4 of the 9 intracranial arteries. Quality of imaging using SENSE (the standard scan) and k-t SENSE was sufficient in all arteries but the right ACA (Table 7) .
Discussion
The present study demonstrated that 4D Flow MR imaging with Cartesian y-z radial sampling under- standard versus y-z radial sampling: *P < 0.05, **P < 0.01; standard versus k-t sensitivity encoding (k-t SENSE): # P < 0.05, ## P < 0.01 Lt, left; Rt, right; ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviation; SENSE, sensitivity encoding. SENSE was used in the standard 4D Flow MR imaging. The value of blood flow volume is expressed as mL/s. standard versus y-z radial sampling: *P < 0.05, **P < 0.01; standard versus k-t sensitivity encoding (k-t SENSE): ## P < 0.01 Lt, left; Rt, right; ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; SENSE, sensitivity encoding. SENSE was used in the standard 4D Flow MR imaging. Agreement showed the mean difference of peak systolic velocity and its mean « 2 standard deviations (SD) between the standard scan and the acceleration scan on Bland-Altman analysis.
estimated PSV and BFV in 2 arteries compared with the standard scan, whereas that with k-t SENSE underestimated PSV in all 9 arteries and BFV in all but one artery tested. There were significant correlations for PSV and BFV between the standard scan and 2 types of acceleration scans. Quantitative and qualitative analyses of flow visualization showed lower image quality with y-z radial sampling than standard versus y-z radial sampling: **P < 0.01; standard versus k-t sensitivity encoding (k-t SENSE): ## P < 0.01 Lt, left; Rt, right; ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; SENSE, sensitivity encoding. SENSE was used in the standard 4D Flow MR imaging. Agreement showed the mean difference of blood flow volume and its mean « 2 standard deviations (SD) between the standard scan and the acceleration scan on Bland-Altman analysis. Fig. 2 . Bland-Altman analysis for peak systolic velocity (PSV) and blood flow volume (BFV) of the basilar artery (BA) as an example. PSV in the standard scan and acceleration scan using y-z radial sampling (A) and the scan using kt sensitivity encoding (k-t SENSE) (B). BFV in the standard scan and acceleration scan using y-z radial sampling (C) and the scan using k-t SENSE (D). Solid lines represent the means of the differences. Dashed lines represent 2 standard deviations. Good agreement for PSV and BFV was observed between the standard scan and acceleration scan using y-z radial sampling (A, C). k-t SENSE underestimates PSV and BFV (B, D).
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with the standard scan and sufficient quality with k-t SENSE. Thus, y-z radial sampling measured PSV and BFV in the cerebral arteries precisely, but image quality of the pathlines deteriorated because some pathlines left the blood vessels. K-t SENSE visualized the pathlines with sufficient quality but significantly underestimated PSV and BFV.
Cartesian y-z radial sampling Cartesian y-z radial sampling allows elliptical kspace filling on a radial trajectory toward the periphery of the k-space and consequently omits about 20% in the periphery of the k-space. The so-called "elliptical k-space shutter" reduces scanning time while maintaining spatial resolution. 14 We combined Cartesian y-z radial sampling with SENSE and with a view-sharing technique to reduce the scan time by about 50%. This acceleration scan using y-z radial sampling quantified PSV and BFV precisely, but the pathlines left the blood vessels in some arteries. Previous investigators have used 4D Flow MR imaging with the "cut-corner" technique, which is similar to an elliptical k-space shutter. 9, 10, 21 The cut-corner technique does not affect the mean velocity of the intracranial vessels but does affect the individual velocity vectors because of edge blurring and stochastic noise. 21 These factors may contribute to the lower visualization scores given to Cartesian y-z ra- A B C Fig. 3 . Flow visualization of a standard scan (A) and acceleration scan using y-z radial sampling (B) and k-t sensitivity encoding (k-t SENSE) (C). Some pathlines leave the blood vessels in the y-z radial sampling scan (B: arrows; image quality, 2). Image quality is sufficient in the k-t SENSE scan (C; image quality, 3).
dial sampling scan in the present study. However, many pathlines or particles accounted by the pathline statistics software may not be obvious to an observer. In the quantitative pathline analysis, the percentage of particles reaching the target plane did not differ between the standard scan and the scan using Cartesian y-z radial sampling. This pathline statistics software can be used as a favorable indicator for the quality of flow visualization, although we visually assessed 4D Flow MR imaging in the current situation. [8] [9] [10] 13 k-t SENSE The accelerated scan using k-t SENSE significantly underestimated PSV and BFV. Accelerated data acquisition using k-t SENSE is associated with temporal blurring, which may lead to underestimation of blood flow. 13, 15, 16, 22 However, the present study demonstrated good correlations for PSV and BFV between the standard scan and acceleration scan using k-t SENSE. This suggests that it may be possible to extrapolate PSV and BFV based on those acquired by the scan using k-t SENSE. Nonetheless, this extrapolation should be performed in each artery because PSV and BFV were underestimated variably by the acceleration scan using k-t SENSE. 4D Flow MR imaging using k-t SENSE provided pathlines of sufficient quality because there was no edge blurring. 4D Flow MR imaging combined with k-t SENSE can be used for visual assessment of the blood flow pattern in the brain but not for the measurement of PSV and BFV.
Clinical implications
Our results suggest that 4D Flow MR imaging using Cartesian y-z radial sampling may be applicable for patients with arterial stenosis and extracranial-intracranial bypass because the BFV may reflect efficient blood flow in these conditions, and 4D Flow MR imaging using k-t SENSE may be feasible for assessing flow patterns in patients with AVM, who require comprehensive evaluation of arterial flow for surgical planning and follow-up after the procedure.
Limitations
Our study has several limitations. First, the diameter of intracranial vessels is small. Previous reports have shown that accurate measurement of blood flow by PC MR imaging requires at least 4 pixels across the vessel diameter in the imaging plane. 23, 24 In our study, the ROI included at least 6 pixels in the ACA with the smallest diameter, but it was placed after the interpolation using the analysis software. Second, we used retrospective gating for the standard scan and Cartesian y-z radial sampling and prospective gating for k-t SENSE. Prospective gating does not permit complete acquisition of the cardiac cycle because data collection is paused and the sequence waits for the next trigger signal to come at the end of each cardiac cycle. The combination of k-t SENSE with retrospective gating is not applicable in our current version. Last, our standard scan was not 4D Flow MR imaging without acceleration but included SENSE with a reduction factor of 2. However, previous reports on cardiovascular PC MR imaging with SENSE and cerebrovascular 4D Flow imaging with GRAPPA have shown that the flow velocity and BFV data derived from the scan with these parallel imaging techniques at 3.0T were compatible with those of scan without acceleration.
11,12
Conclusion
In conclusion, 2 acceleration techniques, Cartesian y-z radial sampling and k-t SENSE, reduced the scan time of 4D Flow MR imaging in the brain. 4D Flow MR imaging with Cartesian y-z radial sampling is feasible for measuring PSV and BFV in the brain. 4D Flow MR imaging with k-t SENSE visualizes pathlines with sufficient quality and can be used to identify arterial flow patterns in the brain.
